We report the detection of spatially distinct stellar density features near the apocenters of the Sagittarius (Sgr) stream's main leading and trailing arm. These features are clearly visible in a high-fidelity stellar halo map that is based on RR Lyrae from Pan-STARRS1: there is a plume of stars 10 kpc beyond the apocenter of the leading arm, and there is a "spur" extending to 130 kpc, almost 30 kpc beyond the previously detected apocenter of the trailing arm. Such apocenter substructure is qualitatively expected in any Sgr stream model, as stars stripped from the progenitor at different pericenter passages become spatially separated there. The morphology of these new Sgr stream substructures could provide much-needed new clues and constraints for modeling the Sgr system, including the level of dynamical friction that Sgr has experienced. We also report the discovery of a new, presumably unrelated halo substructure at 80 kpc from the Sun and 10
INTRODUCTION
The Sagittarius stellar stream (Sgr; Ibata et al. 2001 ) is the 800-pound gorilla of stellar substructure in the Galactic halo, containing at least an order of magnitude more stars than other distinct stellar streams (e.g., Orphan or Cetus Polar stream; Grillmair 2006; Newberg et al. 2009 ). As the progenitor Sgr galaxy was a rather massive, luminous satellite galaxy (L ≈ 10 8 L , Niederste-Ostholt et al. 2010 ; M > 10 9 M , Peñarrubia et al. 2010) , the stellar stream resulting from its tidal disruption has spread quickly, and therefore widely, in stream angle near the orbit of the progenitor: it is the only known stream that wraps more than once around the Galaxy (Majewski et al. 2003) . Sgr is on a high-latitude orbit, spanning galactocentric distances from ≈ 15 kpc to ≈ 100 kpc along its orbit . These properties should make Sgr an excellent system for constraining the gravitational potential of the Galactic halo, its radial profile and shape (e.g., its flattening and degree of triaxiality). And even though dynamical models for the Sgr stream have been constructed for over a decade (Helmi 2004; Law & Majewski 2010; Gibbons et al. 2014; Dierickx & Loeb 2017) , unambiguous and detailed inferences about the Galactic halo potential beyond an estimate of the Milky Way mass enclosed within the orbit of the Sgr stream have been difficult to obtain.
Detailed modeling of the Sgr stream has been challenging, because its position-velocity distribution depends on three bsesar@mpia.de aspects: the Galactic potential, the progenitor orbit, and the internal structure of the progenitor (Peñarrubia et al. 2010; Gibbons et al. 2014) . Stellar tidal streams form their leading and trailing arms when progenitor stars become unbound, foremost as the consequence of the progenitor's pericenter passages (e.g., see Figure 3 of Bovy 2014) . But at any point along the arms there is a mix of stream stars that have become unbound on different orbits and at different points in the past, often different pericenter passages (e.g., see bottom right panel of Figure 5 of Bovy 2014) . This is presumably manifested in the well-established "bifurcation" (Belokurov et al. 2006; Koposov et al. 2012 ) of the Sgr stream. At apocenter, where the velocities are the lowest and hence most similar among stream stars, these orbit differences among stream stars manifest themselves mostly in spatial (not velocity) differences. As a consequence, the Sgr stream is expected to show distinct spatial structure near the apocenters of the leading and trailing arms (e.g., top left panel of Figure  10 of Fardal et al. 2015) . But the Sgr stream structure at the apocenters has not yet been mapped out in detail.
Here we show that the high-fidelity map of the Sgr stream, enabled by the recent, extensive set of RR Lyrae stars from Pan-STARRS1 (Sesar et al. 2017) , clearly reveals such stream structures. These observed substructures are in a good qualitative agreement with recent dynamical models (Gibbons et al. 2014; Fardal et al. 2015; Dierickx & Loeb 2017) , and can serve as a qualitatively new constraint on Sgr stream models. The bifurcation of the Sgr stream, which is another well-known feature of the stream (Belokurov et al. 2006; Koposov et al. 2012; Slater et al. 2013) , is discussed in a comarXiv:1706.10187v1 [astro-ph.GA] 30 Jun 2017 panion paper (Hernitschek, N. et al., in prep.) , along with a more quantitative description of the Sgr tidal stream.
The remainder of this paper is organized as follows: Section 2 briefly recapitulates the data set underlying the results; Section 3 shows the observational evidence of spatial substructure near the apocenters of both arms in the Sgr stream; Section 4 describes a newly discovered halo overdensity; Section 5 discusses the qualitative agreement of observed substructures with recent models, and Section 6 summarizes our conclusions.
2. PS1 RR LYRAE STARS Our analysis uses a sample of highly probable type ab RR Lyrae stars (hereafter RRab), selected from the Sesar et al. (2017) catalog of RR Lyrae stars. According to Sesar et al. (2017, see their Sections 5 and 6) , 90% of objects in this sample are expected to be true RRab stars (i.e., the purity of the sample is 90%). At high galactic latitudes (|b| > 10
• ) the sample is expected to contain at least 80% of all RRab stars to 80 kpc from the Sun (i.e., the completeness of the sample is at least 80%; see their Figure 11 for the sample completeness as a function of the r-band magnitude). The distance modulus uncertainties are σ DM = 0.06(rnd) ± 0.03(sys) mag, corresponding to a distance precision of ∼ 3%, as measured by Sesar et al. (2017, see their Section 3.3) .
The Pan-STARRS1 (PS1) catalog of RR Lyrae stars covers about three quarters of the sky (i.e., the sky north of declination −30
• ). But since the focus of the current work is the Sgr tidal stream, we limit the sample to ≈ 19, 000 RRab stars located within 13
• of the Sgr orbital plane (i.e., |B | < 13 • ), whereΛ andB are heliocentric Sagittarius coordinates as defined by Belokurov et al. (2014) . In this coordinate system, the equatorB = 0
• is aligned with the plane of the stream.
APOCENTER SUBSTRUCTURE IN THE SGR STREAM
The distribution of PS1 RRab stars within 13
• of the Sgr orbital plane is shown in Figure 1 , and the distribution of all PS1 RRab is illustrated in Figure 2 . The wide and deep coverage by the PS1 3π survey (Chambers 2011) , and the purity and completeness of the PS1 RRab sample, now provide an almost complete, 360
• view of the Sgr stream (in RRab) from 5 kpc to at least 120 kpc from the Sun, with only a minor loss of coverage (due to dust extinction) in regions close to the Galactic plane.
For the first time, these data clearly show the trailing arm as it extends (right to left in the top panel of Figure 1 ) from D ≈ 25 kpc atΛ = 0
• (i.e., the core of the Sgr dSph) to well beyond its apocenter at D ≈ 90 kpc andΛ ≈ 170
• . At the trailing arm's apocenter the stream appears to fork into two branches: one turning back towards the Galactic center (feature 1 in Figure 1 ), and the other extending as far as 120 kpc from the Sun (feature 2 in Figure 1 ).
Initially detected by Newberg et al. (2003) , the part of the trailing arm that is turning back towards the Galactic center (feature 1) was also identified by Drake et al. (2013) , but deemed a new stellar stream, those authors named Gemini. However, our wide view clearly shows that feature 1 is not a new stream, but simply a part of the Sgr stream as proposed by Newberg et al. (2003) and Belokurov et al. (2014) .
Our data also allow us to identify the spur extending to 120 kpc of the Sun (feature 2 in Figure 1 ) as a new branch of the Sgr stream. Drake et al. (2013) have detected four RRab stars in this region (at (Λ , D) = 172
• , 120 kpc, see their Figure 7 ), but did not recognize it as a new part of the Sgr stream.
Near the position of the leading arm's apocenter (Λ ≈ 60
• ), but about 10 kpc further, there is an overdensity of RRab stars that we have labeled as "feature 3" in Figure 1 . While it appears distinct in the (D,Λ )-plane, this group of stars is located almost exactly in the Sgr orbital plane (i.e, B ≈ 0
• ), as the color coding in Figure 1 shows. Due to its proximity to the Sgr orbital plane, its position relative to the apocenter of the leading arm, and the qualitative existence of such an apocenter lump in most Sgr simulations (see Section 5), we believe that this feature is associated with the Sgr stream. Such spurs and lumps are a generic model prediction for the disruption of the Sgr dSph galaxy, and we discuss it (and other features) in more detail in Section 5.
OUTER VIRGO OVERDENSITY Another notable feature is a clump of stars at (Λ , D) = 75
• , 80 kpc (feature 4 Figure 1 ). This clump is clearly offset from the plume near the leading arm apocenter (i.e., feature 3), by about 15 kpc in the radial direction and by about 9
• from the Sgr orbital plane (or ≈ 13 kpc). As no simulation predicts Sgr debris at that position (see Figure 4) , we believe that this clump of RRab stars traces a new halo substructure, which we name the Outer Virgo Overdensity (Outer VOD; based on its location in the Virgo constellation and to distinguish it from the (inner) Virgo Overdensity at ≈ 6 − 20 kpc of the Sun; Vivas et al. 2001; Newberg et al. 2002; Jurić et al. 2008) . Obviously, kinematics of these stars will help settle this question.
To examine the Outer VOD in more detail, in Figure 3 we show the distribution of PS1 RRab stars nearΛ ≈ 75
• and between 65 and 95 kpc of the Sun. While a clump of stars is easily visible near (R.A., Dec) =207
• , −7
• , the full extent of the overdensity is more difficult to discern. To trace the overdensity, we measure the density of RRab stars implied by their spatial distribution by using a bivariate Gaussian kernel 1 , and then plot the measured density as a gray scale patch in Figure 3 (the gray scale has been tweaked to emphasize the location and the extent of the Outer VOD). The overdensity covers ≈ 150 deg 2 and about 70 RRab stars are spatially consistent with it. Their position and other relevant information are provided in Table 1 . Snapshot of an animation that shows the 3D distribution of ≈ 44, 000 highly probable RRab stars selected by Sesar et al. (2017) from the PS1 3π survey. The color indicates the angular distance of a star from the Sgr orbital plane (i.e., its Sgr latitudeB ). The extended overdensities are dSph galaxies (e.g., Draco, Sextans, Ursa Minor). The animation is provided in the electronic version of the Journal. As the bottom panel of Figure 3 shows, the distribution of Outer VOD RRab stars in distance modulus can be modeled as a sum of two Gaussians centered at 19.57 mag and 19.25 mag, with amplitudes of 0.74 and 0.26, respectively. The standard deviation of these Gaussians is 0.11 mag, implying an intrinsic scatter or line-of-sight depth of 0.09 mag (once 0.06 mag of uncertainty in DM is subtracted in quadrature). Thus, the Outer VOD seems have a line-of-sight size (1σ) of ≈ 4 kpc, comparable to its extent projected onto the sky. We use a sum of Gaussians only as a simple model to describe the distribution of Outer VOD RR Lyrae stars along the line of sight, and do not attach any physical interpretation to the Gaussians at this point.
QUALITATIVE COMPARISON TO MODELS
In Section 3, we have used the position and morphology of features 2 and 3 to tentatively associate them with the Sgr tidal stream. The N -body models of Gibbons et al. (2014) , Fardal et al. (2015) , and Dierickx & Loeb (2017) , which describe the disruption of the Sgr dwarf spheroidal galaxy, now provide us with an opportunity to explore the extent to which similar features also exist in simulations. Figure 4 compares features 2 and 3 observed with PS1 RRab stars, with similar features observed in N -body simulations of Fardal et al. (2015) and Dierickx & Loeb (2017) . We find that the > 100 kpc spur (top panels) and the plume of stars near the apocenter of the leading arm (bottom panels) have similar counterparts in N -body simulations. The same features are also present in the Gibbons et al. (2014) simulation (see their Figure 6 ).
Qualitatively, the observed spur seems to match its simulated counterparts in position and width. The rising incompleteness of the PS1 RRab sample at distances greater than 80 kpc makes a more quantitative comparison difficult. Feature 3, the observed plume of stars near the leading arm apocenter appears to be narrower and more distinct from the rest of the stream than in Fardal et al. (2015) or Dierickx & Loeb (2017) simulations (along theΛ direction). This difference may indicate a mismatch between the Galactic potential and the potential assumed in simulations, since the breadth of the apocentric region is strongly influenced by the spread of angular momentum at a given energy (e.g., see Figure • latitude in the Sgr coordinate system is illustrated by the solid line. Bottom: Distribution of Outer VOD RRab stars (orange solid circles in the top panel) in distance modulus, as measured by 1) binning the data in 0.06 mag bins (gray histogram), 2) running Gaussian kernel density estimation on the data (blue solid line, kernel bandwidth is 0.06 mag), and 3) by fitting two Gaussians to the data (dashed lines, the orange solid line shows their sum). The optimal kernel bandwidth and the number of Gaussians were determined using 10-fold cross-validation. Johnston et al. 2001 ), which in turn is strongly affected by the shape of the potential.
This comparison also shows that the Outer Virgo Overdensity (i.e., feature 4 in Figure 1 and circled in the bottom panel of Figure 4 ) has no counterpart in either simulation, suggesting that it is not tidal debris associated with the Sgr dSph galaxy.
DISCUSSION AND CONCLUSIONS
We have presented what is currently the deepest, widest, and most precise map of the Sagittarius (Sgr) tidal stream, traced using a sample of ≈ 19, 000 Pan-STARRS1 RRab stars. Thanks to the high purity and completeness of this sample (90% and 80%, respectively), and distances that are precise at the 3% level (Sesar et al. 2017) , we were able to identify two new spatial substructures in the stream:
• A spur extending from the Sgr trailing arm apocenter to at least 120 kpc of the Sun (feature 2 in Figure 1 and Figure 4) , and
• A plume of stars near the leading arm apocenter (and offset by about 10 kpc from it; feature 3 in Figure 1 and Figure 4 ).
Through a qualitative comparison (Figure 4) we have found that the above apocenter features are also present in N -body simulations of Gibbons et al. (2014 ), Fardal et al. (2015 , and Dierickx & Loeb (2017) , that model the disrup- • and ∆Λ = 70
• in the top and bottom panels, respectively). The blue and red points show N −body particles stripped off the Sgr dSph galaxy during pericenter passages that happened about 1.3 and 2.7 Gyr ago, respectively. To mimic the uncertainty in distances to PS1 RRab stars, we have added 0.03 × D of Gaussian noise to distances of N −body particles. tion of the Sgr dSph. According to these simulations, the > 100 kpc spur is the continuation of the trailing arm that formed during a pericenter passage that happened about 1.3 Gyr ago. The plume of stars near the leading arm apocenter (feature 3), on the other hand, is dynamically older and indicates the apocenter of the leading arm that formed during a pericenter passage about 2.7 Gyr ago.
These new Sgr stream substructures could provide muchneeded new clues and constraints for modeling the Galactic potential and the dynamical evolution of the Sgr system. For example, due to the radial extension of the > 100 kpc Sgr spur, the heliocentric distances and line of sight velocities of its stars can be used to directly measure the gravitational potential of the Milky Way at large radii (> 90 kpc), where it is very poorly constrained (e.g., see Figure 13 of Küpper et al. 2015) . The outer plume of stars near the leading arm apocenter, presumably stripped during an earlier pericenter passage, is clearly separated in orbital energy from the dominant component at that apocenter. Dynamical friction will shift the energies and orbital periods of these two separate components, suggesting that we may constrain the orbital decay of the Sgr dwarf's orbit by carefully observing the spatial distribution of the two components.
While we have observed the Sgr stream to reach as far as 120 kpc from the Sun (feature 2), the stream may extend much further than that. For example, the simulations of Dierickx & Loeb (2017) predict that the most distant arm of the stream, which they label the "northwest branch", extends to distances > 200 kpc (see their Figures 8 and 10 ). The fact that we even detect the Sgr stream up to 120 kpc, provides some support for this claim. At 120 kpc, the completeness of the Sesar et al. (2017) RRab sample is expected to be 10% (see their Figure 11 ). If the Sgr stream was ending at 120 kpc, its surface density should already be fairly low by that point and given the expected completeness of the RRab sample, we likely would not be able to detect it at all.
How far does the Sgr spur (i.e., feature 2) extend? The identification of distant RR Lyrae stars in this region requires deep (> 23 mag) multi-epoch imaging (> 30 observations) that none of the planned wide-area optical surveys can provide. For example, the Zwicky Transient Facility (ZTF; Bellm 2014) is too shallow (median single-visit depth r ≈ 20.4 mag), and the Large Synoptic Survey Telescope (LSST; Ivezic et al. 2008 ), while deep, will not observe the sky north of declination 10
• (the observed part of feature 2 is located between 110
• < R.A. < 125 • and 25
• < Dec < 30 • ). Instead of a wide-area survey, a small survey with a wide-field imager on a large telescope (e.g., the Hyper Suprime-Cam on 8.2-m Subaru telescope; Miyazaki et al. 2012) , may be a much better choice.
In addition to detecting two substructures associated with the Sgr tidal stream, we have also detected a new halo overdensity at a distance of 80 kpc, which we have named the Outer Virgo Overdensity (Outer VOD). Due to its clear separation from the Sgr stream (≈ 20 kpc in the radial direction and 10
• of the Sgr orbital plane), we do not believe it is associated with the Sgr stream. Instead, we speculate that the Outer VOD overdensity may be a remnant of a disrupted dSph galaxy or a globular cluster that was accreted independently by the Milky Way or perhaps together with the Sgr dSph galaxy (i.e., it may have been a satellite of the Sgr dSph). A spectroscopic study of RRab stars associated with this substructure (see Table 1 ) would be very useful, as the radial velocities and metallicities would constrain its nature and orbital parameters (i.e., dSph vs. globular cluster, satellite of Sgr or not).
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